The counterclockwise coiling of the intestines is initiated by a leftward tilt of the primitive gut tube, imparted by left-right asymmetries in the architecture of the dorsal mesentery. In silico analysis suggests that this is achieved by synergistic changes in its epithelium and mesenchyme. Within the mesenchymal compartment, cells are more densely packed on the left than on the right. In silico results indicate that this property can result from asymmetries in both extracellular matrix (ECM) and cell:cell adhesion. We find that the dorsal mesentery ECM is indeed left-right asymmetric and moreover that the adhesion molecule N-cadherin is expressed exclusively on the left side. These asymmetries are regulated by the asymmetrically expressed transcription factors Pitx2 and Isl1. Functional studies demonstrate that N-cadherin acts upstream of the changes in the ECM and is both necessary and sufficient to explain the asymmetric packing of the mesenchymal cells.
D
espite enormous progress in recent years in understanding factors that pattern the early embryo, far less has been learned about the downstream cellular mechanisms underlying morphogenesis. The early stages of left-right patterning are now reasonably well understood. There is a symmetry-breaking event in a small domain of the gastrulating embryo that, at least in mammals, appears to involve the action of cilia present on cells at the Node. This triggers a cascade of molecular events ultimately resulting in unilateral expression of the TGF-␤-related ligand Nodal. All left-right asymmetric aspects of organogenesis are established through this cascade, including the chirality of gut looping.
In amniotes, the first step of midgut looping is a characteristic leftward tilt of the primitive gut tube (1) . This tilt is mediated by a reorganization of the cellular architecture of the dorsal mesentery, the structure that suspends the gut tube from the body wall (1) . When the dorsal mesentery first forms, the mesenchymal cells are dense and the epithelial cells are columnar in appearance. Subsequently, however, the mesenchymal cells on the right side of the mesentery appear more sparsely distributed, whereas the corresponding cells on the left remain more densely packed. In addition, the left side of the epithelium exhibits columnar morphology, whereas the equivalent cells on the right display a more flattened, cuboidal appearance (1) . As a consequence of these cellular asymmetries, the dorsal mesentery assumes a distinct trapezoidal shape, directing the primitive gut tube leftward.
These aspects of the cellular architecture of the dorsal mesentery are mediated by the transcription factors, Pitx2 and Isl1, which are expressed unilaterally and are involved in a positive feedback loop within the left side of the dorsal mesenchyme (1) . Importantly, functional studies in which these factors are expressed throughout the dorsal mesentery not only produce symmetric cell behaviors (compact mesenchyme and columnar epithelium on both the left and right sides) thereby eliminating the leftward bias in the tilt of the gut tube, they also result in a randomization of the chirality of gut tube coiling and of the initial tilt (1) . Although these studies provide an understanding of directional gut looping at the level of tissue organization driving its morphogenesis, the cellular mechanisms by which the epithelial and mesenchymal tissues are differentially modulated on the left and right sides remained a missing piece of the puzzle.
Results and Discussion
In Silico Analysis of Asymmetric Gut Tilting. As a starting point to begin addressing this important question, we turned to in silico modeling. We have shown (1) that the epithelial cell shape and mesenchymal tissue density of the dorsal mesentery are leftright asymmetric, whereas the number of cells is the same on both left and right sides. There are no asymmetries in cell proliferation, cell death, or cell migration dynamics within the dorsal mesentery at the time when asymmetric morphology arises (1) . Therefore, we focused on dynamics that involve mechanical forces that can change cell shape and tissue density.
Mechanical forces and related cell dynamics have been characterized through elastic springs within viscous media (2, 3) . Within this modeling framework, we established a model that characterizes the gut and associated dorsal mesentery in terms of a lattice of cells whose highly damped dynamics are driven by mechanical forces (see Materials and Methods). Cells are taken as elastic media with a preferential size and shape. The extracellular medium is taken to be elastic, as well, with a defined local volume. A triangular lattice of nodes was constructed, in which each cell is modeled by a set of seven interconnected nodes (six nodes at the membrane and one at the center) and where each node belongs to a cell and interacts with its nearest neighboring nodes (Fig. 1A) .
We first tested in silico whether a change in tissue organization could indeed elicit a trapezoidal shape of the dorsal mesentery and the leftward tilting of the gut. Based on the histological data, we focused on changes in the shape of epithelial cells and on the compaction of mesenchymal cells and did not consider potential changes in the shape and size of the mesenchymal cells themselves. Our results showed that when an asymmetry is introduced in the preferential shape of epithelial cells on the right side of the dorsal mesentery such that it assumes a more cuboidal morphology than on the right side, the cross-sectional shape of the dorsal mesentery is distorted and the gut becomes tilted efficiently to the left [ Fig. 1B and supporting information (SI) Fig. S1 A] . Our study revealed that the location of the epithelium at the edges of the dorsal mesentery is important in the degree to which it is able to affect gut tilting (Fig. S1G) . However, such epithelial changes in and of themselves do not elicit significant left-right asymmetric changes in the compaction of the underlying mesenchyme ( Fig. 1B and Fig. S1 A) , pointing out that additional dynamics are taking place in the dorsal mesentery. A converse result was obtained when we focused on the mesenchymal compartment. When the preferential volume of the mesenchymal extracellular matrix (ECM) is increased on the right side of the dorsal mesentery, significant left-right asymmetries arise in compaction of the mesenchymal cells (Fig. 1B) . However, only minor changes are elicited in the epithelium and gut tilting (Fig. S1B) . In contrast, when both epithelial and mesenchymal changes are taking place, asymmetric gut tilting is strongly reinforced and the dorsal mesentery acquires the characteristic trapezoidal shape with right-sided squamous epithelium and expanded mesenchyme as is actually seen in histological sections ( Fig. 1 B and C) . If, in addition, the extracellular preferential volume on the left side decreases, asymmetries are further enhanced (Fig. 1E) . Thus, our in silico results indicate that left-right differences in cell behavior in both the epithelial and the mesenchymal compartments contribute synergistically to and are likely necessary for the observed asymmetric tilting of the gut tube and asymmetric morphology of the dorsal mesentery.
We next asked which cellular parameters could potentially be responsible for driving mesenchymal cells further apart on the right dorsal mesentery. An expansion of the preferential volume of the right-sided ECM could result from ECM swelling. As we have shown, this change, accompanied by epithelial remodeling, expands the mesentery and tilts the gut leftward. Interestingly, our numerical results showed that although left-right asymmetric compaction within the dorsal mesentery occurs very rapidly, significant gut tilting takes much longer (Fig. S1D) . Indeed, in vivo dynamics of initial gut tilting takes a few hours, whereas compaction occurs more rapidly (1) . This large time scale difference between the process of asymmetric compaction and gut tilting suggests that parameters that occur with relatively fast dynamics such as ECM swelling (at the scale of minutes at most) could potentially participate in the process.
We wondered whether a change in mesenchymal cell-to-cell forces could drive asymmetric compaction of the mesenchyme in the dorsal mesentery as well. We reasoned that cell:cell bonding forces are mainly driven by adhesion molecules within neighbor interacting cells, while nonadhesive molecules would drive Tables S1 and S2. weaker bonding. Attractive non-spatially-dependent forces can provide a continuous description of cell:cell adhesion, and elicit cell sorting patterns as those observed in vitro (4) . Therefore, we introduced intercellular cell:cell bonding as attractive constant forces whose strength depends, presumably, on the number of bound adhesive molecules (see Materials and Methods). Our analysis revealed that a loss of cell:cell-adhesion forces on the right dorsal mesentery can tilt the gut leftwards and elicit rapid expansion of right dorsal ECM and mesentery thereby, setting cells further apart ( Fig. 1 C and D; see SI Text for a simplified analysis). The asymmetries become stronger for larger differences between adhesive forces (and, hence, adhesion molecules) on the left and right sides of the dorsal mesentery (Fig. 1D) . Similarly, our results show that when adhesion becomes stronger on the left side, the leftward tilting and mesenchymal compaction are enhanced (Fig. 1F) . Therefore, asymmetric changes in cell adhesion could drive cellular asymmetries within the mesenchyme of the dorsal mesentery and, jointly with epithelial remodeling, could be directing the slow leftward gut tilting.
Ultimately, the dynamic changes in the cellular architecture of the dorsal mesentery are driven by the asymmetric gene expression patterns of Pitx2 and Isl1 (1). Pitx2 is expressed at a high level throughout the entire left side along the rostrocaudal extent of the dorsal mesentery. In contrast, Isl1, although also expressed on the left side, has a more restricted domain that varies along the rostrocaudal axis (1). In principle, the regions where the two transcription factors overlap could be characterized by higher levels of cell adhesion or ECM shrinkage. If this is taken into account, the numerical analysis shows that the angle of tilting is enhanced and depends on the size of the overlap region. Therefore, these results show that the relative size of the Isl1 expression domain may be functionally relevant in achieving the proper degree of midgut displacement as gut looping is initiated (Figs. S1G and S2).
After misexpression of either Pitx2 or Isl1, the infected gut tube tilts randomly to the left and the right, albeit over a much more limited range than in wild type (1). Our in silico results indicated that no tilting occurs if compaction is truly uniform. However, randomized tilting over a few degrees is found when the levels of cell:cell-adhesion forces or ECM shrinkage varies slightly and randomly over the mesentery (Fig. 1G and Fig. S1 C and H).
Differences in adhesion among infected cells could in principle result from differential levels of Pitx2 and Isl1 misexpression that might be expected from different sites of retroviral integration into the genome of the infected tissue. Indeed, we find that, although there is nearly complete infection of this tissue, there is indeed a significant level of variability in the level of retroviral gene expression assessed by fluorescent antibody (3C2) staining of a viral coat antigen (Fig. S1K) .
Driven by these data, which show that asymmetry is promoted under conditions of a rather symmetric, overall compacted, dorsal mesentery, we examined which factors could enhance gut tilting. As expected, asymmetries are enhanced if Pitx2/Isl1 direct both an increase in cell:cell bonding forces and ECM shrinkage (Fig. 1H) . Additional changes in the ECM, such as alterations in its stiffness, can enhance asymmetric gut tilting under specific scenarios (Fig. 1H) . For left-right asymmetric patterns of gene expression, a partial loss of cell:cell bonding forces on the right side, jointly with an increase in ECM stiffness promotes strong asymmetries (Fig. 1F) . A similar behavior is found when patterns of Pitx2/Isl1 misexpression are modeled ( Fig. 1H and Fig. S1I ). On the contrary, our results indicate that changes in ECM stiffness do not enhance asymmetries when associated just with ECM swelling or shrinkage ( Fig. 1E and Fig.  S1J ). Indeed, changes in ECM stiffness require the presence of cell:cell bonding forces to direct gut tilting (Fig. S1E) .
Thus, our in silico results show that Pitx2/Isl1-induced leftright asymmetries in cell:cell adhesion and ECM volume can yield to differential compaction on the dorsal mesentery, which in turn slowly drives asymmetric gut tilting. Both mesenchymal changes can act independently and reinforce altogether the asymmetric tilting. Additional enhancement of the asymmetry can be achieved by changes in ECM stiffness, albeit it requires the action of cell:cell bonding forces.
Asymmetries in the Extracellular Matrix of the Dorsal Mesentery. To get an initial indication of whether, as suggested by our in silico analysis, the ECM differs on the left and right sides of the dorsal mesentery, sections were stained with Alcian blue, a dye that highlights acidic sulfated glycosaminoglycans (GAGs) and mucopolysaccharides. Strikingly, the matrix surrounding the more densely packed cells of the left side of the dorsal mesentery stain much strongly with Alcian blue than the comparative tissue on the right (Fig. 2A) . The domain staining intensely with Alcian blue precisely matches the domain of more densely packed cells. In addition, basement membranes are rich in glycosaminoglycans. Using electron microscopy, we have previously shown that there is a basement membrane adjacent to the columnar epithelia on the left but not under the cuboidal epithelium on the right (1) This is also reflected in a strong unilateral Alcian blue stain just below the left epithelium. Alcian blue staining is not specific for a particular sulfated GAG. The staining does, however, reveal clear asymmetry in the ECM suggesting the existence of distinct extracellular environments in the left and right sides of the dorsal mesentery, which could influence respective cell behavior.
We next examined a specific ECM component, hyaluronic acid (HA). HA differs from other components of the ECM in respect to its enormous size and the large volume that it occupies. HA has the particular property of attracting water and thereby swelling the matrix. In addition, because of its loose, hydrated and porous nature, HA forms a coat around cells inhibiting cell:cell adhesion (5, 6). These properties could contribute to forming the expanded, less cell-dense mesenchyme on the right side of the dorsal mesentery. To examine this possibility, we used biotinylated HA-binding protein (HABP) as a means of detecting HA in the dorsal mesentery. In a pattern opposite of that observed with Alcian blue staining, HA is not detected to a significant degree on the left side of the dorsal mesentery, whereas there is strong HABP staining on the right (Fig. 2D) . Although this pattern of HA production is consistent with HA-mediated hydration contributing to the expanded tissue architecture on the right side of the dorsal mesentery, the possibility of HA directly influencing cell behavior cannot be overlooked. It will be important in the future to investigate the expression and activity of CD44, the HA receptor, within the dorsal mesentery. In either case, the contrasting patterns of ECM deposition within left and right domains of the dorsal mesentery would be expected to give the left and right sides distinct physical properties, which could potentially contribute to its asymmetric deformation.
We have previously shown that misexpression of either Pitx2 or Isl1 results in both sides of the dorsal mesentery phenotypically resembling the left side seen in uninfected embryos. As would be expected, both Alcian blue and HABP staining are altered by either Pitx2 (n ϭ 6 of 6 for Alcian blue, n ϭ 4 of 4 for HABP) or Isl1 (n ϭ 2 of 2 for Alcian blue, n ϭ 2 of 2 for HABP), such that both sides of the dorsal mesentery stain strongly for acidic GAGs and neither side shows evidence of HA production ( Fig. 2 B, C, E, and F) . In addition, an Alcian blue-positive basement membrane is present on both sides of infected dorsal mesenteries, reflecting the additional transformation of the epithelial phenotype seen after Pitx2 and Isl1 misexpression.
In Vivo Cell Sorting Supports the Possibility of Differential Adhesion
in the Dorsal Mesentery. Our in silico analysis suggested that, in addition to differences in the ECM, the greater degree of cell compaction on the left side of the dorsal mesentery could, in principle, also be mediated by tighter cell:cell adhesive contacts than those present on the right. There are in vitro cell sorting assays designed to reflect such differences between cell populations. However, the dorsal mesentery is too thin a structure to manually dissect left and right cells in sufficient quantity for such assays. We therefore turned to chimeric analysis in mouse embryos, an in vivo approach to analyze cell mixing and sorting (7) . In particular, because we have shown that the left-right differential cellular properties within the dorsal mesentery are downstream of Pitx2 expression, we took advantage of the available genetic tools for manipulating Pitx2 expression in the mouse.
We generated morula aggregation chimeras between wildtype embryos and Pitx2 null mutant embryos. To follow the mutant cells in chimeras, we used embryos containing both a Pitx2 null allele that contains a knocked-in copy of cre recombinase (Pitx2 cre ) and the Rosa26 reporter (R26R) allele (8, 9) . Thus, cells derived from lacZ-marked Pitx2 null (Pitx2 cre/null ; R26R) mutant embryos and Pitx2 ϩ/Ϫ (Pitx2 cre/ϩ ; R26R) control embryos were aggregated with cells from unmarked wild-type embryos (see Materials and Methods). In the resultant chimeric embryos, cells derived from the wild-type embryos will be white. In contrast, the Pitx2-expressing lineages will be blue because they will be marked by recombination at the R26R allele induced by the Pitx2-driven cre recombinase. It is worth noting that this particular Pitx2-driven cre is Ͻ100%efficient, so not all cells derived from Pitx2-expressing progenitors will be blue. However, all blue cells will indeed be descendents from Pitx2-expressing cells.
To interpret the resultant chimeras, it must be noted that there are three different Pitx2 isoforms, only one of which (Pitx2c) is left-right asymmetric in its expression (10, 11) . In all of the analyses in our previous study (1), a Pitx2c-specific probe was used, revealing the exclusive expression on the left side of the dorsal mesentery described above. However, using a pan-Pitx2 probe, it can be seen that other isoforms are expressed bilaterally in a subset of cells in the dorsal mesentery visualized as a small number of dispersed Pitx2-positive cells on the right side in addition to the uniform staining of the left side (Fig. 2Q) . The Pitx2 cre allele used in our chimeras faithfully expresses cre in a pattern that recapitulates the expression of all three Pitx2 isoforms, including the left-right asymmetric Pitx2c isoform (12); hence, blue cells were expected to be present on both sides of the dorsal mesentery in some chimeras.
We compared the behavior of the lacZ-marked Pitx2 lineage, in the presence or absence of Pitx2 function, mixed with wildtype cells in the dorsal mesentery of chimeras. Embryos were harvested at 13.5 dpc, analyzed histologically, and scored blind. In control chimeras, Pitx2 creϩ/Ϫ ; R26R cells marked by lacZ expression are mixed with unmarked wild-type cells in a saltand-pepper fashion across both the left and right sides of the gut (Fig. 2N, n ϭ 3) . The reason that lacZ-labeled cells are found bilaterally relates to the fact that some isoforms of Pitx2 are expressed in a subset of cells on both sides of the dorsal mesentery and may also reflect the fact that cre recombinases active well before the formation of this structure. This absence of sorting behavior indicates that there are no relevant cellsurface differences between wild-type and heterozygous Pitx2- expressing cells because these two cell populations exhibit no sorting behavior. In striking contrast to the salt-and-pepper distribution of cells seen in the dorsal mesentery of control chimeras, lacZ-marked Pitx2 mutant cells on the left side of the dorsal mesentery of chimeras derived from Pitx2 null mutant (Pitx2 cre/null ; R26R) embryos remain tightly clumped and do not intermingle with their unmarked Pitx2-expressing left-sided neighbors (Fig. 2O) . Among the four Pitx2 Ϫ/Ϫ chimeras with informative clones, all demonstrate the same, clumped phenotype of marked cells that ended up on the left side (n ϭ 4). In Pitx2 Ϫ/Ϫ chimeras where mutant cells ended up on the right side of the dorsal mesentery, they did not exhibit this clumping behavior (n ϭ 3) (Fig. 2P,  arrows) . Some of the noninformative chimeras (chimeras with no lacZ-positive cells in the left side of the dorsal mesentery) had a higher percentage of positive on the right side (data not shown). These data demonstrate that expression of the Pitxc2 isoform confers very different behavior on cells of the dorsal mesentery; the most parsimonious explanation being that because of changes in cell adhesion, Pitx2-expressing cells aggregate more tightly with one another, precluding intermingling with Pitx2-nonexpressing cells.
Asymmetries in Adhesion Molecules in the Dorsal
Mesentery. The chimeric analysis, although not definitive, reinforced the possibility that cell-autonomous surface adhesion properties downstream of Pitx2 could play a role in establishing the differential cell architecture of the left and right sides of the dorsal mesentery. Accordingly, we conducted a small-scale candidate gene screen of well established adhesion molecules. We found that N-cadherin is strongly and specifically expressed on the left side of the dorsal mesentery (Fig. 2G) . Its domain of expression is congruent with the left-side domain of the dorsal mesentery where the mesenchyme is condensed (Fig. 2 J and K) .
N-cadherin belongs to a family of Ca 2ϩ -dependent celladhesion molecules (13) (14) (15) and its function is crucial during various stages of embryonic development. However, the early embryonic lethality associated with loss of this gene has precluded analysis of N-cadherin function during later aspects of organ morphogenesis.
The asymmetry in N-cadherin in the dorsal mesentery arises at the same time as the onset of asymmetry in cell behavior within this tissue. Indeed, as seen in immunohistochemistry, N-cadherin is produced bilaterally at Hamburger and Hamilton (HH) stage 19, confirming our earlier observation (1) that the asymmetry within the dorsal mesentery is driven by changes in the cellular architecture on the right (Fig. 2 L and M) . As expected, misexpression of either Pitx2 (n ϭ 6 of 6) or Isl1 (n ϭ 2 of 2) is sufficient to convert N-cadherin expression to a bilaterally symmetric pattern resembling the expression levels normally found on the left (Fig. 2 G-I) .
Our molecular analysis thus identified both ECM and celladhesion molecules asymmetrically expressed in the dorsal mesentery downstream of Pitx2 and Isl1. The asymmetric expression of N-cadherin, in particular, could explain the cell sorting behavior we identified in our chimeric analysis. Previous studies have shown that cells expressing different cadherin molecules tend to segregate from each other in vitro (16, 17) . Importantly, analysis of cell sorting using aggregation chimeras reveals that a change in the expression of a single cadherin family gene is sufficient to mediate cell sorting in vivo (18) . Fig. 3M) . We electroporated an expression vector carrying the full Ncadherin coding region into the right side of the dorsal mesentery. This resulted in a compaction of the mesenchyme on the right side of the dorsal mesentery such that it approximates the density normally found on the left side ( Fig. 3 A and B) .
Although expression of the left-side specification genes such as Pitx2 is unaffected (n ϭ 10 of 10) (Fig. 3K) , unexpectedly the extracellular matrix is significantly altered. The level of acidic proteoglycans and mucopolysaccharides on the right side of the dorsal mesentery is significantly increased, as reflected by Alcian blue staining (n ϭ 6 of 10) (Fig. 3 D and E) , whereas conversely HA levels are decreased on the right side by N-cadherin misexpression (n ϭ 6 of 10) (Fig. 3 G and H) .
While these experiments demonstrated the ability of Ncadherin to elicit morphological and molecular changes in the dorsal mesentery consistent with the phenotype of the normal left side, we also wanted to establish whether N-cadherin is necessary for these properties in the normal midgut mesenchyme. To this end, we used a well characterized dominantnegative form of N-cadherin lacking its extracellular domain (cN390delta), previously documented to interfere with activity of endogenous cadherins and to inhibit cell adhesion (19) . Unlike the full-length cDNA, this construct is small enough to be passaged in our retroviral vector. Misexpression of the dominant-negative N-cadherin results in a symmetrical mesenchyme in which neither side exhibits the condensed phenotype normally found on the left (n ϭ 6 of 10) (Fig. 3 A and C) . Moreover, although expression of upstream asymmetric transcription factors such at Pitx2 were unaffected (Fig. 3L) , Alcian blue staining of the extracellular matrix was dramatically reduced in the left dorsal mesentery (n ϭ 6 of 7) (Fig. 3 D and F) , whereas, interestingly, Alcian blue staining of the basement membrane produced by the overlying epithelium was unaffected. In addition, HABP staining was up-regulated on the left and the right side (n ϭ 4 of 4) (Fig. 3 G and I) .
At first glance, it seems surprising that an adhesion molecule would regulate the ECM composition. However, in addition to their direct roles in cell adhesion, cadherin genes participate in a large variety of signal transduction events that regulate key aspects of cell behavior and function (20) , which could be important in this context. Alternatively, the closer contacts promoted by cadherin-mediated adhesion may facilitate other intercellular signaling pathways and thereby indirectly affect ECM production.
These experiments demonstrate that N-cadherin activity is required to maintain the condensed mesenchyme on the left side of the dorsal mesentery. Interestingly, N-cadherin activity has the secondary consequence of altering ECM production. Thus, on the basis of our experiments alone, one cannot tell whether differential adhesion, ECM production, or both (as predicted by our in silico analysis) are directly responsible for the differences in the cellular architecture seen in the left and right mesenchyme of the dorsal mesentery.
These results provide a conceptual framework for understanding the initial tilting of the primary midgut tube, which in turn biases the direction of the subsequent rotation of the primitive gut tube (1). Taken together, these studies allow one to trace a continuous sequence of molecular events from the earliest patterning of the left-right axis through the cellular changes driving morphogenesis (Fig. 4) . The well established left-sided signaling pathway acts through Nodal to induce Pitx2 throughout the left side of the lateral plate mesoderm. This expression is maintained in the dorsal mesentery of the midgut, at least in part, through a positive feedback loop with Isl1. These transcription factors act within the mesenchyme to up-regulate N-cadherin activity in the left side of the dorsal mesentery. N-cadherin both increases cell:cell adhesion in this compartment and also alters the ECM composition; in particular, down-regulating HA synthesis. Together the increase in cell adhesion and ECM changes result in a greater aggregation of the mesenchymal cells on the left than on the right. At the same time, Pitx2 and Isl1 act to alter the epithelium from a cuboidal to a columnar morphology. This has the effect of shortening the surface area of the epithelium on the left relative to the right. In conjunction with the changes in condensation of the mesenchyme, this distorts the dorsal mesentery to a shape trapezoidal in cross-section. As a result, the primitive gut tube tilts to the left, providing the asymmetry that is later elaborated in the counterclockwise rotation of the intestines.
Materials and Methods
Embryos. Fertile chicken eggs (White Leghorn eggs) from commercial sources were incubated at 37.5°C and staged according to Hamburger and Hamilton (21) .
Tissue Processing, Immunohistochemistry, and in Situ Hybridization. Embryos were fixed in 4% paraformaldehyde in PBS, embedded in paraffin wax, and sectioned at 8 m. Fast green staining was performed as described in ref. 22 . Immunohistochemistry was performed with mouse monoclonal anti-Ecadherin antibody (1:50) (BD Pharmingen), rabbit polyclonal anti-P-cadherin (1:100) (Santa Cruz Biotechnology), and mouse monoclonal anti-N-cadherin (1:50) (Zymed) for 1 h at room temperature in PBS containing 5% goat serum and 0.1% Triton X-100. Sections were subsequently incubated with Alexa Fluor 594 goat anti-mouse and Alexa Fluor 594 goat anti-rabbit secondary antibodies for 1 h at room temperature (Molecular Probes). HA detection was Fig. 4 . Model for the initiation of directional gut looping. Early left-specific Nodal signaling initiates the asymmetric expression of Pitx2 in the left lateral plate mesoderm. This is maintained in the dorsal mesentery, in part, through a positive feedback loop with Isl1. The cellular architecture of the left dorsal mesentery is altered: The epithelium assumes a columnar shape and the mesenchyme condenses through increased cell aggregation, a process involving increased N-cadherin expression and asymmetric deposition of the ECM. As a consequence, the dorsal mesentery takes on a trapezoidal shape, thereby tilting the developing midgut and providing a left-right bias for subsequent gut rotation.
